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Isolation of the Rat Spermatid Manchette
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Medical School, New York, New York 10031
The manchette is a transient structure that develops during spermiogenesis. It consists of three components: a perinuclear
ring, a microtubule mantle inserted in the ring, and dense plaques attached at the distal end of the mantle. A procedure has
been developed for the fractionation of intact manchettes from rat spermatids. Each fractionation step was monitored by
indirect immunofluorescence using an antibody to unmodified a-tubulin. Indirect immunofluorescence and electron
microscopy demonstrate that fractionated manchettes are relatively intact. A thermocleavage step was used to sever the
microtubule mantle from the perinuclear ring. Microtubules of the mantle collected in a stabilizing buffer containing Taxol
formed long bundles of side-by-side aligned microtubules. The perinuclear ring sample consisted of circular-shaped units of
different diameter with truncated microtubules still attached to the ring, a property that enabled the initial recognition of
the rings by a-tubulin antibody staining. Indirect immunofluorescence and immunoblotting experiments using isoform-
specific antibodies to a-tubulins show that the manchette contains acetylated, tyrosinated, glutamylated a-tubulin and an
a-3/7 tubulin isoform. The same a-tubulin isoforms were observed in the axoneme of the sperm tail. Two-dimensional
polyacrylamide gel electrophoresis fractionation maps of silver-stained proteins of the intact manchette show four
predominant proteins: a- and b-tubulins, b-actin, vimentin, and a 62-kDa protein. The latter persisted in thermocleaved
perinuclear ring samples. Results of this study indicate that the newly developed procedure for the fractionation of
manchettes will facilitate a direct characterization of posttranslationally modified tubulin variants, microtubule-associated
proteins, and the components of the perinuclear ring of this largely neglected structure of the spermiogenic
process. © 1998 Academic Press
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INTRODUCTION
During mammalian spermiogenesis, the gradual transfor-
mation of spermatids into functional sperm involves the
shaping and condensation of the nucleus and the formation
of the acrosome and tail. A still unresolved issue in male
reproductive biology is the mechanism by which the spheri-
cal nucleus of a young spermatid changes into a relatively
condensed and elongated nucleus at the end of the spermio-
genesis. The mechanism responsible for the elongation of
the sperm head is not fully understood, yet there is cir-
cumstantial evidence indicating that the manchette, a
transient microtubular component surrounding the elon-
gating nucleus, has a role in the nuclear elongation process
(see Meistrich, 1993, for a recent review). The rat
manchette, consisting of a perinuclear mantle of microtu-
bules radiating from a dense perinuclear ring (Zlotnik, 1943;
Fawcett et al., 1971; Rattner and Brinkley, 1972; MacKin-
non and Abraham, 1972; Rattner and Olson, 1973; Dooher
and Bennett, 1973; Wolosewick and Bryan, 1977), starts its
development during step 8 of spermiogenesis (the acroso-
mal phase) and ends by step 14, when its perinuclear
contact is reduced to a minimum and its length reaches a
maximum (for a review, see Clermont et al., 1993). The
microtubular manchette differs from single cytoplasmic
microtubules in its specific perinuclear position, its struc-
tural stability for about 2 weeks, and the timing of its
organization, starting its assembly when the tubulin-
containing axoneme is already present. Knowledge of the
assembly and disassembly mechanism of the manchette, its
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temporal stability, and definite function during spermatid
nuclear shaping has remained largely elusive.
The ab tubulin dimer is the structural unit of micro-
tubules of the manchette and both a- and b-tubulin
subunits are encoded by multigene families, whose prod-
ucts can be posttranslationally modified (Villasante et
al., 1986; Lewis and Cowan, 1988). It has been reported
that a-tubulin can be acetylated on the e-amino group of
Lys-40 (L’Hernault and Rosenbaum, 1985), modified
by detyrosination/tyrosination on the C-terminus (Barra
et al., 1974), with the possible removal of the penulti-
mate glutamyl residue after detyrosination (Paturle-
Lafaneche`re et al., 1991). A b-tubulin isoform can be
phosphorylated on Ser-444 (Luduen˜a et al., 1988) and
Tyr-437 (Zhu et al., 1992). Polyglutamylation (Edde` et al.,
1990) and polyglycylation (Redeker et al., 1994) are two
major modifications for both a- and b-tubulin. These two
modifications consist of the addition to a glutamyl resi-
due located in the C-terminus of tubulin of at least 6
glutamates for polyglutamylation and 3– 40 glycines for
polyglycylation. Polyglutamylated tubulin is a major
contributor to the heterogeneity of mammalian brain
tubulin. Polyglycylation was originally described in axo-
nemal tubulin from Paramecium cilia (Redeker et al.,
1994) and recently found in the axoneme of sea urchin
sperm (Mary et al., 1996) and bull sperm (Ru¨diger et al.,
1995). Glycylation and glutamylation can coexist in one
a-tubulin isoform (Mary et al., 1996).
Testis-specific tubulin isoform have been found in the
manchette, including a highly divergent testis-specific
a-tubulin isoform (Hecht et al., 1988) and two coexpressed
isoforms a3/7-tubulin and b3/4-tubulin (Villasante et al.,
1987; Lewis and Cowan, 1988). Various immunohisto-
chemical studies have shown the localization of acetylated,
tyrosinated and glutamylated tubulin isoforms in the
manchette (Hermo et al., 1991; Fouquet et al., 1994) and
microtubule-associated proteins (MAP4, Parysek et al.,
1984; tau and cytoplasmic dynein, Ashman et al., 1992;
Yoshida et al., 1994; kinesin, Hall et al., 1992). The chemi-
cal diversity of posttranslationally modified tubulin iso-
types is of interest because these changes appear to confer
microtubules with both stability and functional specificity
by modulating the affinity of tubulins for microtubule-
associated proteins (Boucher et al., 1994; Gagnon et al.,
1996). In addition to microtubules and microtubule-
associated proteins, the manchette contains an acidic inter-
mediate filament protein (Kierszenbaum et al., 1996; Tres
and Kierszenbaum, 1996), two proteases—a protein compo-
nent of the 26S proteasome (Rivkin et al., 1997) and a
metalloendopeptidase (Chesneau et al., 1996)—and an RNA
binding protein, involved in the transport and translational
regulation of protamine 1 mRNA (Schumacher et al., 1995).
Such a diverse complement of structural and functional
proteins associated with the manchette and their develop-
mental distribution has led us to propose that the
manchette may serve a dual role during spermiogenesis: as
a perinuclear clutch during nuclear shaping and as a sorting
station of proteins (Rivkin et al., 1997). Immunocytochemi-
cal studies have provided information concerning the
classes of tubulins and microtubule-associated proteins of
the microtubule mantle of the manchette. Yet, the ratio
between unmodified and posttranslationally modified tubu-
lins at the C-terminus, the possible existence of combined
posttranslational modifications in a single tubulin species,
and the biochemical nature of the perinuclear insertion ring
have remained to date unexplored. We are interested in
determining which of these factors may contribute to the
mechanism of spermatid nuclear shaping and sperm tail
development by analyzing manchettes from normal and
mutant experimental animal models.
To begin answering these questions, we have developed a
procedure for the isolation of intact manchettes from rat
spermatids. In this paper, we report the structural charac-
teristics of fractionated manchettes by indirect immunoflu-
orescence and electron microscopy. We have used immu-
noblotting procedures to compare major classes of tubulin
isotypes present in the mantle of the manchette and the
axoneme of rat sperm tail and found that manchettes and
axonemes share similar tubulin isoforms. In addition, we
have used a thermocleavage step to sever the perinuclear
ring from the microtubule mantle of the manchette. This
step facilitated the recognition of an acidic protein with a
molecular mass of 62 kDa in the perinuclear ring.
MATERIALS AND METHODS
Isolation of the Manchette
The development of a procedure for the isolation of intact
manchette was based on knowledge that developing manchettes
during rat spermatogenesis are observed during steps 8–14 of sper-
miogenesis. Therefore, the dissection of seminiferous tubules of
spermatogenic stages VIII–XIV, recognized by their characteristic
transillumination pattern under a dissection stereomicroscope as
described (Shabanowitz et al., 1986), provided the starting material
for the fractionation of intact manchettes. Essentially, the
manchette fractionation procedure consists in the dispersion of
seminiferous epithelial cells by mechanical shearing forces in a
microtubule stabilizing buffer (see below) followed by the exclu-
sion of cell components larger than 30 mm in diameter by sequen-
tial filtration. After filtration, the detergent-dissociated sample was
placed in a 1.0–2.05 M sucrose gradient and manchettes were
separated by ultracentrifugation.
Identification and Isolation of Seminiferous
Tubules, Cell Dispersion, and Filtration
Testes from adult rats (Sprague–Dawley, Taconic Farm, German-
town, NY; 250–300 g) were aseptically removed, the tunica albu-
ginea was dissected out, and the specimen was placed in a plastic
culture dish containing phosphate-buffered saline (PBS) kept on ice.
Seminiferous tubules were gently teased apart with a stainless-
steel probe and mechanically freed of adherent intertubular tissue
under a dissecting stereomicroscope. Seminiferous tubules (Stages
VIII–XIV) were isolated and transferred into a culture dish contain-
ing 6 ml of ice-cold microtubule stabilizing buffer. The buffer,
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MSB, contained 25 mM Hepes, 2.5 mM MgSO4, 2.5 mM EGTA, 15
mM KCl, 5 mM dithiothreitol (DTT, Sigma, St. Louis, MO), 0.1
mM GTP (Pharmacia, Piscataway, NJ), 0.5% DMSO, mM Taxol 20
(Calbiochem, La Jolla, CA), 1% Triton X-100 (protein grade; Cali-
biochem). A protease inhibitor cocktail (78.3 mg benzamidine, 5
mg leupeptin, 5 mg aprotinin, 5 mg N-a-p-tosyl-1-arginine methyl
ester—all inhibitors from Sigma—in 1 ml of deionized water) was
added at 2 ml/ml MSB. Phenylmethylsulfonyl fluoride at 0.3 M
(PMSF, Sigma) was added to the MSB–protease inhibitor cocktail
solution at 10 ml/ml, and the complete MSB was supplemented
with 1% of the detergent Triton X-100 before use. Cells were
dissociated from the tubules by shearing forces produced by re-
peated aspirations and ejections with a 1-ml syringe and cells were
then passed sequentially, first through a 100-mm nylon Nitex
screening fabric (nylon monofilament HC 3-53, mesh opening: 53
mm, 41% mesh open area; Tetko, Elmsford, NY), and the pass
through sample strained across 30-mm (HC3-30, 21% mesh open
area) and 10-mm nylon (HC3-10, 5% mesh open area) Nitex meshes,
respectively. Cut-out circles of each nylon mesh disk (22 mm in
diameter) were inserted in a Teflon or polysulfone plastic holder
(Ueda et al., 1988) and the assembled disk holder was placed in a
35-mm plastic culture dish to collect the filtrate. The total time for
cell dispersion and filtration steps was about 30 min.
Sucrose Gradient Centrifugation and Collection of
Fractionated Manchettes
The filtered sample (total volume: 6 ml) was placed in a 50-ml
plastic centrifuge tube containing 2.5 M sucrose (total volume: 44
ml) and mixed gently by inversion. The sucrose concentration of
the mixed sample became 2.2 M. Aliquots of 25 ml of the 2.2 M
mixture were transferred into 50-ml plastic centrifuge tubes, 4 ml
of 2.05 M sucrose was added to the top, and 2 ml of 1 M sucrose
wwas layered on top of the 2.05 M sucrose. The sample was then
centrifuged at 85,000g for 110 min at 4°C in a Beckman L8-M
ultracentrifuge (SW 28 rotor). After ultracentrifugation, tails and
loose manchettes remained in the supernatant (not shown). The
pellet was enriched in elongating spermatid nuclei as well as
spermatid tails (Fig. 1C). A broad but distinct layer containing
intact manchettes was observed at the initial 1–2.05 M sucrose
interface, carefully removed with a Pasteur pipet, and transferred
into a 15-ml plastic tube containing 15 ml of PBS to dilute the
sucrose. The sample was centrifuged (1000g, 30 min at 4°C), the
manchette-containing pellet was resuspended in 1 ml of 10 mM
Tris, pH 7.4, centrifuged at 10,000g for 10 min at 4°C, and the
sample was used as required. Manchette preparations are more
than 98% pure with minimal contamination of residual bodies (less
than 2%) as determined by phase contrast and electron microscopy.
An average of many fractionation procedures indicates that about
100 mg of harvested seminiferous tubules yields 10 mg of
manchette protein (wet weight).
The various steps of the manchette fractionation procedure were
monitored by indirect immunofluorescence using a monoclonal
antibodies to either a- or b-tubulin. Samples were placed on
Vectabond (Vector Laboratories, Burlingame, CA)-coated micro-
scope slides, allowed to settle for about 2 min, fixed for 15 min at
room temperature in 3% paraformaldehyde in cacodylic buffer, pH
7.2, containing 1 mM of each CaCl2 and MgCl2, and allowed to dry.
Samples were rehydrated in PBS, blocked with 1% goat serum in
PBS for 5 min, and immunoreacted with the following antibodies:
anti-a-tubulin and anti-acetylated a-tubulin (monoclonal antibod-
ies; Sigma), anti-a-tyrosinated and anti-a-glutamylated tubulin
(polyclonal antibodies; a gift from Dr. G. G. Gundersen), anti-a3/
7-tubulin (affinity purified polyclonal antibody, a gift from Dr. N. J.
Cowan), and anti-b-actin and anti-vimentin (monoclonal antibod-
ies; Sigma).
After incubation with first antibody, at the working dilutions
indicated in the legend of each pertinent figure, samples were
rinsed and incubated with second antibody (anti-mouse, anti-
rabbit, or anti-guinea pig, IgG conjugated with fluorescein isothio-
cyanate (FITC) or tetramethylrhodamine isothiocyanate (TRICT)
at 1:200–300 working dilutions). All incubations were at room
temperature. Controls included normal sera, antisera against irrel-
evant antigens, and omission and increasing dilutions of first
antibody (results not shown). Specimens were mounted with
Vectashield (Vector Laboratories). Specimens were examined with
a Zeiss Universal fluorescence microscope equipped with episcopic
illumination.
Sperm were collected from the epididymal tail, resuspended and
washed three times in PBS, and sonicated to separate heads from
tails. Sperm tails were fractionated according to Calvin et al. (1975)
with slight modifications. Briefly, the sperm sample was centri-
fuged at 10,000g for 5 min, and sonicated in 10 ml of PBS/PMSF to
separate heads from tails (verified by phase contrast microscopy).
Sperm heads and tails were separated by ultracentrifugation
(85,000g Beckman SW-26 rotor) for 1 h in a 1.8/2.05 M sucrose
gradient. Tails were collected from the 1.8/2.05 M sucrose interface
after sucrose gradient centrifugation, resuspended in PBS, and
centrifuged at 40,000g in a Sorvall RC5B centrifuge. Purity of the
sperm tail fraction was .98% as determined by phase contrast and
electron microscopy of representative samples.
Protein Fractionation by Gel Electrophoresis
Fractionated manchettes and tails were analyzed by one- and
two-dimensional PAGE and immunoblotting as reported (Kierszen-
baum et al., 1986). For two-dimensional PAGE, samples were
dissolved in sample buffer containing 9.5 M urea, 2% Triton X-100,
5% b-mercaptoethanol, and Ampholines (Serva, Hauppauge NY;
1.6%, pH 3–10; 0.4%, pH 4–9) and resolved by isoelectric focusing
electrophoresis using capillary gel cylinders (9.2 M urea, 4%
acrylamide, 2% Triton X-100, and Ampholines (1.6%, pH 3–10;
0.4%, pH 4–9) in a Multi-Protean II 2-D electrophoresis cell
apparatus (Bio-Rad, Hercules, CA). After isoelectric focusing, the
gel cylinder was placed on top of a slab gel for the second dimension
run. Two-dimensional slab gels were silver stained.
Fractionated proteins by one- and two-dimensional PAGE were
electrotransferred to Immobilon for amido black staining and
immunoblotting. Nonspecific sites in the blotted Immobilon mem-
branes were blocked with 2% bovine serum albumin containing
0.2% Tween 20, incubated for 1 h with preimmune serum (control;
not shown) or specific antibody, washed, and incubated with
second antibody (goat anti-rabbit, anti-mouse, anti-guinea pig al-
kaline phosphatase). Immunoreactive proteins were detected by
using alkaline phosphatase–nitro blue tetrazolium.
Transmission Electron Microscopy
Fractionated manchettes were visualized by transmission elec-
tron microscopy using a microcentrifugation procedure as reported
(Tres and Kierszenbaum, 1981). Sample purity was assessed thin
sections of plastic-embedded manchettes. Structural details of the
intact manchette were determined in thin sections of plastic-
embedded seminiferous tubular segments. For whole-mount mi-
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croscopy, a suspension of fractionated manchettes in PBS was
placed into a plastic trough containing 4–6 Formvar-coated copper
grids (300 mesh) and a solution of 0.1 M sucrose with 10%
paraformaldehyde (pH 7.0) and centrifuged at 2350g for 5 min.
Grids were stained with 1% phosphotungstic acid in 95 % ethanol
(pH 2.5), rinsed in 95% ethanol, and air-dried. This procedure yields
several electron microscope grids with whole-mounted manchettes
in a single centrifugation step. For transmission electron micros-
copy, pellets of fractionated manchettes and seminiferous tubular
segments (spermatogenic Stages VIII–XIV) were fixed in 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 6.9) for 2 h at room
temperature and postfixed in 2% osmium tetroxide in the same
buffer for 1 h. After dehydration in graded concentrations of
ethanol, samples were embedded in Maraglas 655 (Electron Micros-
copy Sciences, Ft. Washington, PA), after propylene oxide treat-
ment. Thin sections were stained with uranyl acetate and lead
citrate. Whole-mounted manchettes and thin-sectioned specimens
were examined in a JEOL 100CX electron microscope operated at
60 kV.
RESULTS
Fractionation and Structural Characterization of
the Rat Manchette
Our initial approach was to use indirect immunofluores-
cence and electron microscopy to characterize the general
structure and purity of fractionated intact manchette
samples isolated from rat seminiferous tubules. An ex-
ample of fractionated manchettes stained with a-tubulin
antibody is shown in Fig. 1A and the corresponding phase
contrast microscopy (Fig. 1B). When thin-sectioned frac-
tionated manchettes were examined by electron micros-
FIG. 1. Characterization of fractionated manchettes by immunofluorescence and transmission electron microscopy. (A) Fractionated
manchettes decorated with a-tubulin antibody (1:100) and anti-mouse IgG-TRICT (1:200). (B) Corresponding phase contrast microscopy of
A. The arrows indicate the immunofluorescent manchettes visualized in A. (C) High magnification of a glutaraldehyde–osmium
tetroxide-fixed manchette sample embedded in a plastic resin and thin-sectioned. Note the cohesive nature of the microtubules in this
fractionated manchette. Scale bars: A–C, 25 mm; C, 0.4 mm.
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copy (Fig. 1C), the microtubular mantle retained its cohe-
sive organization. Additional structural information was
gathered by examination of isolated manchettes by whole-
mount electron microscopy. A high magnification view of a
single fractionated manchette decorated with a-tubulin
antibody (Fig. 2A) and the corresponding phase contrast
microscopy image (Fig. 2B) show the perinuclear ring and
the distally emerging microtubules of the mantle. The
strong immunoreactivity at the perinuclear ring insertion
site represents the compact arrangement of microtubules.
When examined by whole-mount electron microscopy and
after staining with phosphotungstic acid (Figs. 2C and 2D),
manchettes displayed a relatively intact structure with the
microtubules firmly anchored to the perinuclear ring. The
perinuclear ring appeared relatively kinked at wide but
smooth angles. Figure 2E is a transmission electron micro-
graph included as reference for the identification of compo-
nents of the manchette shown in Figs. 2A–2D. In this
oblique section, the core of the perinuclear ring and the
closely apposed scalloped shell-like formation, interposed
between the ring and the plasma membrane, are visualized.
At the microtubule insertion side, the microtubule mantle
exhibits an amorphous density. An average of 1000 micro-
tubules per manchette (Rattner and Brinkley, 1972) run as
single units parallel to each other and linked by arms of
extremely variable length (7–100 nm; MacKinnon and Abra-
ham, 1972).
Separation of the Perinuclear Ring from the
Microtubular Mantle
Our next step was to separate the perinuclear ring from the
inserted microtubular mantle as an approach to their bio-
chemical characterization. A thermocleavage procedure was
used to accomplish this objective. Fractionated manchettes
were heated at 50°C for 10–15 min and then rapidly chilled
in ice for 5 min to cause a microtubule fracture at the
perinuclear ring insertion site. After thermocleavage, the
sample was placed in Eppendorf vials (1.5 ml) and centri-
fuged (16,000g for 30 min at 4°C) to separate the cleaved
mantles in the supernatant from the perinuclear rings in the
pellet. Figures 3A and 3B illustrate the perinuclear ring
preparation after staining with a-tubulin antibody to detect
the ring profile through the still inserted, but severed
microtubules. Two relevant features of the perinuclear ring
preparation are noted: First, microtubule ends projected
along the circular profile of each ring. Second, the diameter
of the rings was variable (2–4 mm). This variation in
diameter was attributed to the mixed population of elon-
gating spermatids donors of the fractionated manchettes.
When the thermocleaved mantle of the manchette was
collected in a microtubule stabilizing buffer containing
Taxol (20 mM), microtubules formed end-to-end aligned
parallel bundles (Fig. 3C). This bundle-like organization
was not observed when microtubule mantles were collected
in stabilizing buffer lacking taxol (Fig. 3D).
Characterization of Tubulin Isoforms and Non-
Tubulin Components Present in Fractionated
Manchettes
The next step was to determine which tubulin isoforms
were present in microtubules of the manchette and
FIG. 2. Structural characterization of fractionated manchettes by
light and electron microscopy. (A and B) High magnification of a
single manchette stained with a-tubulin antibody (A) as in Fig. 1A,
and the corresponding phase-contrast microscopy (B). The bracket
in B denotes the microtubule mantle; the arrow indicates the
0.25-mm-thick perinuclear ring. Note in A the strong band-shaped
immunoreactive region of the mantle subjacent to the perinuclear
ring region. (C and D) Whole-mount electron microscopy of phos-
photungstic acid-stained isolated manchettes. The arrow points to
the perinuclear ring which remains open, yet kinked. (E) A tangen-
tial section of the manchette enables visualization to the scalloped
edge of the ring in contact with the plasma membrane (vertical
arrow). The core of the ring (brackets) displays an irregular electron
density. A less dense region subjacent to the ring (dashed box) is
seen between attached single microtubules (oblique arrows). The
crossed arrow indicates the plasma membrane of an adjacent
Sertoli cell. Scale bars: A and B, 5 mm; C and D, 2.5 mm; E, 0.25 mm.
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whether a difference existed with axoneme microtubules
of the sperm tail. Figure 4 illustrates a immunoblotting-
immunocytochemical comparative study. a-Tubulin glu-
tamylated, tyrosinated, acetylated, and 3/7 were simul-
taneously present in manchettes and axonemes. The
a-3/7 tubulin isotype is known to be encoded by the
dominant a-tubulin gene transcript in adult testis (Villa-
sante et al., 1986). No significant differences were noted.
Immunoblots show nonmuscle b-actin and vimentin in
the fractionated manchette samples but not sperm tails
(Fig. 4). The lack of actin in rat sperm tails was in agree-
ment with reported studies (Fouquet and Kann, 1992;
Prigent and Dadoune, 1993). Because manchettes were
not decorated with either b-actin or vimentin, we con-
cluded that these two cytoskeletal proteins copurified
with the fractionated manchettes.
Two-dimensional PAGE (2D PAGE) fractionation maps
of silver-stained proteins of intact manchettes and thermo-
cleaved rings are shown in Fig. 5. This electrophoretic study
provided additional data on the isoelectric point range of
manchette proteins and their relative abundance within the
whole protein complement. In the intact manchette, silver-
stained a- and b-tubulins (Mr 50 kDa/pI 5.4) were the major
protein species Figs. 5A and 5B). Vimentin isoelectric vari-
ants, representing phosphorylated and nonphosphorylated
forms (Kierszenbaum et al., 1986; Mr 58 kDa/pI range
5.2–5.15; immunoblot not shown) and b-actin (Mr 42
kDa/pI 5.1) were visualized. A 2D PAGE immunoblotting
procedure was used to identify these proteins (not shown).
A significant observation was a protein present in both
intact manchette and perinuclear rings (Mr 62 kDa/pI
5.75–5.30; denoted by a rectangular box in the two-
dimensional PAGE silver-stained samples, Figs. 5A–5C).
This protein was regarded as a major component of the
perinuclear ring.
DISCUSSION
We describe in this paper a procedure for the fractionation
of intact manchettes from rat seminiferous tubules. Frac-
tionated manchette were examined by indirect immuno-
fluorescence, transmission electron microscopy, and gel
electrophoresis/immunoblotting. A summary of our obser-
vations indicates the following: (1) Fractionated manchettes
retain major structural and biochemical constituents after
FIG. 3. Separation of the perinuclear ring from the microtubule mantle of the manchette by thermocleavage. (A) A low-magnification view
of a population of a-tubulin-stained perinuclear rings demonstrates both circular profiles and heterogenous diameters. (B) At higher
magnification, the perinuclear ring edges appear fuzzy because of the still attached, truncated microtubules (white arrows). Differences in
the ring diameter are readily apparent at this magnification. A and B preparations were stained with a-tubulin as indicated in Fig. 1A. (C)
Thermocleaved microtubular mantles collected in a microtubular stabilization buffer containing Taxol (20 mM) form long side-by-side-
aligned microtubule bundles stained with a-tubulin antibody as in A and B. (D) Microtubule mantles collected in the stabilization buffer
lacking Taxol lose their cohesive appearance and appear either clumped or dispersed into short microtubule bundles. Scale bars: A, 50 mm;
B, 15 mm; C and D, 20 mm.
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the fractionation procedure. (2) Intact manchettes can be
further subfractionated into two major components, the
perinuclear ring and the microtubule mantle. (3) Microtu-
bules of the mantle of the manchette can be stabilized
against depolymerization in the presence of Taxol, a
microtubule-directed drug interacting with the amino-
terminal region of b-tubulin (Rao et al., 1994). (4) A panel of
isoform-specific tubulin antibodies shows that the micro-
tubule mantle contains tubulin variants also found in the
axoneme. The presence of a-3/7-tubulin in the manchette is
of interest because it represents a major tubulin isoform
expressed in the adult testis and contributing to all micro-
tubular structures in spermatogenic cells, including the
manchette, flagella, spindles, and interphase cytoskeleton
(Lewis and Cowan, 1988). (5) The perinuclear ring contains
a major acidic protein with a molecular mass of 62 kDa.
Preliminary internal amino acid sequencing work indicates
that this ring protein is extremely rich in glycine residues
(Mochida et al., 1997).
We have not determined whether polyglycylated b-tubulin,
known to be present in the sperm tail axoneme (Ru¨diger et al.,
1995) and assumed to be a developmentally regulated and late
FIG. 4. Comparison of tubulin isoforms in fractionated manchettes and sperm tails (axoneme) detected by immunoblotting and indirect
immunofluorescence. Unmodified a-tubulin, posttranslationally modified a-tubulin (glutamylated, acetylated, tyrosinated) and testis-
specific a3/7 tubulin are observed in manchette and axoneme. b-Actin and vimentin were detected in immunoblots of manchette
preparations but not in sperm tails. Isolated manchettes were not b-actin- and vimentin-immunoreactive (not shown). Primary antibodies
were used at l:50–1:100 working dilutions; second antibodies (anti-rabbit, anti-mouse and anti-guinea pig FITC- or TRICT-conjugated were
used at 1:200 working dilution). Photographic exposure was identical for each immunofluorescent preparation (90 s).
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occurring during spermatogenesis (Bre´ et al., 1996), is found in
the manchette. We have not made an attempt to quantitate
the relative levels of tubulin isoforms in the fractionated
manchettes. Our antibody approach, limited at present to
immunoprobes detecting restricted epitopes, has determined
the existence of similar tubulin isoforms in fractionated
manchette and axonemes. However, the newly developed
procedure for the isolation of intact manchettes paves the way
to a more detailed characterization of tubulin posttransla-
tional modifications by mass spectrometry in wild-type and
mutant models. The mantle of the manchette is extremely
enriched in microtubules containing posttranslationally
modified tubulins which, in turn, have been associated with
microtubule stability. Microtubules in which the terminal
tyrosine residue was removed from the C-terminus of newly
synthesized a-tubulin (detyrosination) are stable and long-
living (Bulinski and Gundersen, 1991). Tubulin modification
by polyglutamylation (Edde´ et al., 1990) or polyglycylation
(Redeker et al., 1994) is capable of providing a wide spectrum
of charge variations in the tubulin subunits. In the manchette,
a decrease in the acidity of the C-terminal domain of tubulin
could reduce the net charge and hydrophilicity of this region
for microtubule stability (Serrano et al., 1984) and modulate
microtubule interactions and association of microtubules
with structural and functional proteins.
The finding of copurified b-actin and vimentin in
manchette preparations is intriguing because our immu-
nocytochemical studies show that actin and vimentin are
not intrinsic components of the manchette. However,
actin, the acrosome, and the manchette are spatially and
developmentally related to each other during spermio-
genesis. For example, a belt-like distribution of actin is
observed in the postacrosomal space separating the acro-
some from the perinuclear ring of the manchette (Welch
and O’Rand, 1985; Vogl, 1989). ‘‘Acrosome-less’’ sperma-
tids in the blind sterile mutant display an ectopic
manchette and nuclear elongation is abnormal (Fouquet
et al., 1992). These observations suggest that actin iso-
forms may anchor the perinuclear ring (thereby the
manchette) to the acrosome. A role of the actin polymer-
ization state in spermiogenesis is strengthened by recent
reports of testis-specific actin-capping proteins in rat
spermatids coincident with the position of the develop-
ing acrosome (von Bulow et al., 1997; Hurst et al., 1998).
Vimentin was previously reported to exist in the post-
acrosomal region of sperm (Virtanen et al., 1984). In
considering the probable origin of actin and vimentin in
the manchette fraction, it cannot be disregarded that
these two cytoskeletal proteins are very abundant in
Sertoli cells (Franke et al., 1978, 1979; Sakiyama et al.,
FIG. 5. Two-dimensional-PAGE fractionation silver-stained proteins of intact manchette and perinuclear ring. The identification of
specific proteins is based on equivalent two-dimensional PAGE immunoblots (not shown, except for keratin 9). (A and B) The four major
protein components of the manchette are a- and b-tubulins, nonphosphorylated and phosphorylated (acidic end) forms of vimentin, actin
isoforms (being b-actin the predominant variant), and a 62-kDa protein (indicated by the dotted box). Sak 57 and TBP-1 are not visible
because they are masked by tubulins. (C) Protein fractionation map of perinuclear rings displaying the 62-kDa protein (dotted box) and
residual tubulin and b-actin. The 62-kDa protein consists of two polypeptide strings with slight differences in the isoelectric point. See
Results for molecular mass and pI of these proteins.
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1989; Oko et al., 1991). Therefore, copurification of
Sertoli cell vimentin and actin with the manchette
preparation cannot be ruled out.
The availability of a procedure for the isolation of
intact manchettes from rat (this paper) and mouse (Mo-
chida et al., 1997) opens significant experimental possi-
bilities for understanding the mechanism of assembly,
function, and fate of the manchette during nuclear shap-
ing and spermatid tail development in normal and mu-
tant mice. Several observations indicate that the
manchette is a complex entity consisting of both struc-
tural and functional proteins. First, the mantle of the
manchette contains both microtubules and keratins. One
of the keratins is Sak 57, an acidic protein that later
becomes a component of the outer dense fibers and
fibrous sheath of the sperm tail (Kierszenbaum et al.,
1996; Tres and Kierszenbaum, 1996). Sak 57 is present in
isolated manchettes (Mochida et al., 1996). Second, a
catalytic component of the 26S proteasome, TBP-1, is
transiently associated with the microtubule mantle of
the manchette and is later found along the middle and
principal piece of the developing sperm tail, in associa-
tion with mitochondria capsules and outer dense fibers
(Rivkin et al., 1997). The finding of TBP-1 in the
manchette suggests that the 26S proteasome may have a
potential role in the nonlysosomal disposal of residual
proteins and processing of proteins required for sperm
formation. The recent finding of N-arginine convertase, a
novel 140-kDa metalloendopeptidase associated with mi-
crotubules of the manchette and the axoneme (Chesneau
et al., 1996), strengthens this possibility. Although TBP-1
and N-arginine convertase are initially associated with
the spermatid manchette, TBP-1 is preferentially sorted
to paraaxonemal keratin-containing components of the
developing tail, while N-arginine convertase becomes
associated with the axoneme. Sak 57, TBP-1, and
N-arginine convertase are typical examples of one struc-
tural and two functional proteins supporting the sorting
role of the manchette. From the present study carried out
with isolated manchettes, it appears that critical ques-
tions concerning the role of components of the
manchette in nuclear shaping and sperm tail develop-
ment can now be readily addressed.
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